The Ndc80 complex, a kinetochore component conserved from yeast to humans, is essential for proper chromosome alignment and segregation during mitosis. It is an w570 Å long, rod-shaped assembly of four proteins-Ndc80p (Hec1), Nuf2p, Spc24p, and Spc25p-with globular regions at either end of a central shaft. The complex bridges from the centromereproximal inner kinetochore layer at its Spc24/Spc25 globular end to the microtubule binding outer kinetochore layer at its Ndc80/Nuf2 globular end. We report the atomic structures of the Spc24/Spc25 globular domain, determined both by X-ray crystallography at 1.9 Å resolution and by NMR. Spc24 and Spc25 fold tightly together into a single globular entity with pseudo-2-fold symmetry. Conserved residues line a common hydrophobic core and the bottom of a cleft, indicating that the functional orthologs from other eukaryotes will have the same structure and suggesting a docking site for components of the inner kinetochore.
Introduction
Kinetochores assemble on centromeric DNA, and during cell division they mediate bipolar attachment of chromosomes to spindle microtubules (MT). These attachments are stable during phases of microtubule polymerization and depolymerization, and they generate forces involved in metaphase and anaphase chromosome movement (Koshland et al., 1988) . Kinetochores also regulate cell-cycle progression at the metaphaseto-anaphase transition through the spindle assembly checkpoint (Cleveland et al., 2003) . Kinetochores carry out these crucial functions through concerted interactions among many proteins and protein complexes. In higher eukaryotes, electron microscopy of kinetochores reveals a trilaminar structure, with an electron-dense inner domain containing centromeric heterochromatin, a less dense middle domain, and an outer domain containing microtubule binding activities (Roos, 1973) .
Kinetochores in the budding yeast, Saccharomyces cerevisiae, assemble on a particularly simple centromere (CENs). Short 125 bp point CENs are sufficient for accurate chromosome segregation in S. cerevisiae, whereas the regional centromeres found in human cells span megabases of DNA, and those in fission yeast 100 kB or more (Chikashige et al., 1989; Clarke and Carbon, 1980; Cottarel et al., 1989) . Kinetochores in higher eukaryotes bind 30 or more microtubules; those of budding yeast, a single MT (McDonald et al., 1992; Peterson and Ris, 1976; Winey et al., 1995) . S. cerevisiae kinetochores are, nonetheless, large protein assemblies containing 60 or more different subunits organized into at least 14 multiprotein complexes . Moreover, sequence analysis of kinetochore proteins from various species reveals that many S. cerevisiae kinetochore proteins have been conserved from yeast to humans (Meraldi et al., 2006) .
The four-protein Ndc80 kinetochore complex contains one copy of each of four essential proteins: Ndc80p, Nuf2p, Spc24p, and Spc25p. Close homologs of these proteins are found in all eukaryotes (Bharadwaj et al., 2004; Howe et al., 2001; McCleland et al., 2004; Wigge and Kilmartin, 2001; Zheng et al., 1999) . Inactivation of Ndc80 complex proteins causes chromosomes to detach from spindle microtubules and thereby disrupts chromosome congression and segregation in all the fungi and metazoa studied. When the Ndc80 complex is depleted, checkpoint proteins such as Mad1 and Mad2 no longer target kinetochores or do so at much reduced levels (reviewd by Kline-Smith et al., 2005) . Imaging of the Ndc80 complex in HeLa cells shows that hsNdc80 and hsNuf2 are present at the outer plate as stable components throughout mitosis, in contrast with the more dynamic distribution of motor and checkpoint proteins. hsNdc80 and hsNuf2 are essential for maintaining the integrity of the outer plate and thus for establishing stable kinetochore-microtubule attachment and tension (Deluca et al., 2005) . In yeast, the Ndc80 complex requires CBF3 for localization at CENs. Ndc80 in turn is needed for stable association of outer kinetochore proteins in various eukaryotes, including Stu2 and Dam1 in yeast (He et al., 2001; Janke et al., 2002; Li et al., 2005) and Zw10 in Xenopus (McCleland et al., 2003) . The complex thus appears to link MT binding and checkpoint proteins to structures such as CBF3 that contact centromeric (CEN) DNA.
We recently reported reconstitution of the S. cerevisiae Ndc80 complex from recombinant proteins and analysis of its structure by biochemical methods and electron microscopy (Wei et al., 2005) . Similar studies of the homologous human complex show a conserved structural organization . The Ndc80 complex appears to be a long rod with globular ''heads'' at either end of an a-helical coiled-coil shaft. Ndc80p and Nuf2p contribute to one head and to the intervening shaft; Spc24p and Spc25p complete the shaft and contribute to the other head (Figure 1 ). This molecular organization is appropriate for the postulated role of the complex as a connector between microtubule binding *Correspondence: schadmin@crystal.harvard.edu proteins and DNA binding proteins (De Wulf et al., 2003) . The stiff linkage between Ndc80p/Nuf2p and Spc24p/ Spc25p subcomplexes would allow it to maintain tension between spindle and chromosome. Spc24p and Spc25p are both required for localization of Ndc80p and Nuf2p at kinetochores, but the reverse requirement is not observed (Bharadwaj et al., 2004; Gillett et al., 2004) . It thus appears that the Spc24p/Spc25p end of the complex points to the centromere, and the Ndc80/ Nuf2 end to the microtubule. The full complex is of suitable length to span the middle domain of a trilaminar kinetochore and to project the Spc24p/Spc25p end toward the inner plate.
High-resolution structures of several checkpoint proteins have been determined (Larsen and Harrison, 2004; Sironi et al., 2002; Sessa et al., 2005) , but none for any core kinetochore component. We report here the atomic structure of the carboxy-terminal regions of S. cerevisiae Spc24p/Spc25p and establish that these two segments form an integrated globular domain. The most conserved residues lie at the dimer interface, and we conclude that the folded structure we describe is conserved in other organisms, despite low sequence identity among the functional orthologs. A groove on the surface that faces away from the coiled-coil shaft is a likely binding site for inner kinetochore proteins.
Results and Discussion
In our previous analysis of the yeast Ndc80 complex, we characterized a protease-resistant heterodimer of the Spc24p and Spc25p globular C-terminal domainsSpc24G (residues 138-213) and Spc25G (residues 128-221). (We use the residue numbers corresponding to the native, full-length yeast protein sequences throughout this report; where necessary, we add 24 or 25 in parentheses after a number to identify the subunit). We first determined the structure of this globular heterodimer by NMR spectroscopy (Table 1 ). The line widths and the absence of [ 15 N, 1 H] NOEs for resonances from residues 138-154 of Spc24p and 128-132 of Spc25p indicated that these segments were disordered. We then expressed two shorter chains, with the disordered segments removed, and determined the crystal structure of the heterodimer by multiwavelength anomalous diffraction (MAD) from a Se-Met derivatized crystal at a resolution of 1.9 Å ( Table 2 ). The final model contains residues 155-213 of Spc24p and 133-221 of Spc25p.
The NMR and crystal structures are very similar ( Figure 2A ). The Spc24G and Spc25G chains have the same fold-an antiparallel b sheet sandwiched between two helices ( Figures 2B and 2C )-and the heterodimer has pseudo-2-fold symmetry. The complex has the overall shape of a butterfly, with a short, coiled-coillike helical element as antennae, two laterally disposed b sheets as wings, and C-terminal helices as the body. The Spc25 ''wing'' has an additional strand and helix inserted between b3 and a2. A search (with DALI; Holm and Sander, 1993 ) of all known structures in the Protein Data Bank did not reveal any structural homologs for Spc24G, Spc25G, or the heterodimer.
Differences between the NMR solution structure and the crystal structure are mainly in the loops connecting MT, microtubule; CEN, centromere. Each subunit is represented by an oval (the globular domain) and a stick (the coiled-coil region). The coiled-coils of Ndc80p/Nuf2p and Spc24p/Spc25p form the shaft. The globular domains of Ndc80p/Nuf2p form the ''outer'' head, which faces the microtubule; the globular domains of the Spc24p/Spc25p, the ''inner'' head, which faces the centromere. the b strands of Spc25G. NMR signals from the backbone amides of residues in the b1-b2, b2-b3, and b3-b3a loops of Spc25G are missing or are very weak and exhibit few interresidue NOEs, suggesting high flexibility. The same residues exhibit high crystallographic B factors in the crystal structure (data not shown). We conclude that these loops are intrinsically flexible.
Spc24G and Spc25G associate very stably, even without the long coiled-coil regions at the N-terminal ends of the two intact proteins (Wei et al., 2005) . Their interface buries 2464 Å 2 of molecular surface, an unusually large area for a relatively small dimer (w17 kDa). Thus, it is reasonable to think of the two subunits as folded together into a single globular domain, with conserved Trp208(24) at the center of its hydrophobic core, surrounded by seven leucines and two phenylalanines from both subunits. In addition, Thr204(24) from a2 forms the C-cap for a1 of Spc25G, and R214 from a2 of Spc25G forms an NH-p interaction with the indole ring of Trp208(24) ( Figure 3B ). A [ 15 N, 1 H] HSQC spectrum from Spc25G alone indicates that Spc25G is partially unfolded in the absence of Spc24G (data not shown). The structure also explains previous observations in human cells that RNAi of Spc24 abolishes kinetochore targeting of Spc25 and vice versa (McCleland et al., 2004) .
The ''head-rod-head'' architecture of Ndc80 has been conserved from yeast to man. Like their budding yeast counterparts, hsSpc24p and hsSpc25p have coiledcoil segments at their N termini, followed by globular regions . The amino acid sequences of the human and yeast Spc24p and Spc25p correspond only weakly, with overall 14% and 12% identity and 
, where I i (j) is the intensity of the i-th observation of reflection j. I(j) is the weighted mean of all measurements of j. 28% and 23% similarity, respectively. We compared the sequences of Spc24G and Spc25G from several species of fungi and metazoa (Figure 4 ) and mapped the conserved residues onto the structure ( Figure 5 ). Most of the strongly conserved residues cluster along the dimer interface ( Figure 5 ), indicating that dimer integrity has been maintained during evolution and further leading us to conclude that the 2SG module from other eukaryotes has a structure similar to the one described here.
The segments that link the N-terminal coiled-coils of Spc24p and Spc25p with the globular elements in our structure correspond to residues 126-157 and 117-133, respectively. The amino acid sequences of these segments are quite divergent (not shown), relatively rich in Pro and Gly, and very low in coiled-coil propensity (Paircoil; Berger et al., 1995) . Our NMR spectra also show that residues 138-157 (24) and 128-133 (25) are disordered, even when they extend from the folded, globular heterodimer. We therefore believe that these segments are a flexible joint between the rod-like part of the Spc24p/25p heterodimer and its globular head.
No direct binding partners for Spc24p/Spc25p have yet been identified despite the importance of the Ndc80 complex in linking inner and outer kinetochore components. The structural interdependence of Spc24p and Spc25p shows why no search with only one of the two subunits as the ''bait'' could have worked for finding a potential ''prey.'' A marked groove in the Spc24G/ Spc25G dimer faces away from the short coiled-coil formed by the two a1 helices. Trp208(24) lies at the base of this groove, buttressed by three of the remaining four residues fully conserved among the sequences in Figure 4 (see Figures 5A and 5B) . Moreover, a conserved hydrophobic patch on a2 of Spc24G, including Ser199, Phe201, Tyr202, and Tyr206, faces the groove ( Figures  5B and 6) , and Tyr206 is one of the residues mutated in a temperature-sensitive allele of spc24 (Wigge and Kilmartin, 2001) . Within the range of flexibility imparted by the connecting segments described in the preceding paragraph, the groove in the 2SG dimer would project away from the shaft of the Ndc80 complex. The groove thus has all the properties we might expect for a site of interaction with a partner protein, possibly a component of the inner kinetochore, such as CBF3, Mif2, or Cse4.
Experimental Procedures Sample Preparation
The solution structural sample composed of Spc25G (128-221) and Spc24G (138-213) with a cleavable hexa-histidine tag was overexpressed in Rosetta pLyS cells (Novagen) induced by 1 mM IPTG and purified by affinity and size-exclusion chromatography. Spc25G (133-221) and Spc24G (154-213) were expressed and purified in the same way as the NMR samples, with the exception that the selenomethionyl protein derivatives were expressed in the methionine auxotroph cell line BL834(DE3) (Novagen). Selenomethionine incorporation was confirmed by mass spectrometry.
Samples for NMR experiments were isotopically labeled by growing cells in M9 media substituted with one or more of the following: 15 N-labeled ammonium chloride, 13 C-labeled glucose, and 99% D 2 O. The unlabeled component was prepared in Luria-Bertani medium (see X-ray section). NMR samples were prepared in 260 ml 95% H 2 O/5% D 2 O with 280 ml Shigemi microcells. Final NMR samples contained 1-2 mM protein, 20 mM potassium phosphate, and 1 mM azide at pH 7.0. Residual dipolar couplings (RDCs) were collected on a sample that was weakly aligned in the magnet by adding 15 mg/ml of the filamentous phage Pf1 (ASLA Biotech).
NMR Measurements
All NMR spectra were collected at 30ºC on a Bruker spectrometer operating at a 1 H frequency of 600 MHz and equipped with a cryogenic probe. Except where noted, all spectra were collected twice on mixed dimers in which only one component was isotopically labeled. Resonance assignments were obtained from a suite of triple-resonance experiments as described previously (Oxenoid and Chou, 2005) . Distance restraints were obtained from 15 N-NOESY spectra with mixing times of 100 and 120 ms (Spc24) or 120 ms (Spc25) and a 13 C-NOESY spectra with a mixing time of 150 ms. Intermolecular distance restraints were obtained from a 15 N-edited, double-13 C-filtered NOESY spectra (Oxenoid and Chou, 2005; Zwahlen et al., 1997 ) with a mixing time of 120 ms (Spc24) or 160 ms (Spc25). Side-chain c 1 (Spc24 and Spc25) and c 2 (Spc24 only) rotamers of methyl-bearing residues and c 1 of aromatic residues were obtained from three bond coupling constants as described (Oxenoid and Chou, 2005) . Backbone amide dipolar couplings ( 1 D NH ) were measured (Ikura et al., 1990; Kontaxis et al., 2000) with 50 ms of mixed CT 15 N evolution. In addition, 13 C 0 -13 C a couplings ( 1 D C 0 Ca ) were measured for the Spc25-labeled dimer by a quantitative J method (Jaroniec et al., 2004) . All NMR data processing was done in NMRPipe (Delaglio et al., 1995) and analyzed in CARA (Keller, 2004) or XEASY (Bartels et al., 1995) .
NMR Structure Calculation
Refinement was performed with the program XPLOR-NIH (Schwieters et al., 2003) . Initial rounds of high-temperature (800 K) simulated annealing were used to obtain the overall fold, followed by low-temperature (300 K) simulated annealing to optimize local geometry (Chou et al., 2000a (Chou et al., , 2000b . Experimental data consisted of distance restraints from NOEs, side-chain c 1 and c 2 angles from 3 J NCg , 3 J C 0 Cg , and 3 J CaCd scalar couplings, and relative bond angles from RDCs. Final distance and bond angle restraint force constants were 100 kcal mol 21 rad 22 and 0.075 kcal mol 21 Hz 22 , respectively. Side-chain rotamers were enforced as flat-well (630º) harmonic potentials with force constants fixed at 20 kcal mol 21 rad 22 . In addition, hydrogen-bond distance restraints of 2 and 3 Å (O-H N and O-N, respectively) were enforced for the rigid helical and b strand regions, Secondary structural elements derived from the crystal structure are colored following the same scheme as in Figure 2B . The starting residue number for each homolog is specified in parentheses after the species name. The alignment was generated with CLUSTAL W (Chenna et al., 2003) . Residues are colored according to their degree of conservation. Identical residues are in white letters on a dark blue background. Strongly conserved residues are in blue on a gray background and weakly conserved residues in lighter blue. Table 1 . Coordinates have been deposited in the PDB with access code 2FV4.
Structure Determination by Crystallography
Proteins were concentrated to 15 mg/ml in 20 mM bis-tris propane (pH 7.6), 250 mM NaCl, 10 mM DTT, and crystallized by hanging drop vapor diffusion against a reservoir solution of 0.1 M CAPS (pH 10.5), 1.2 M NaH 2 PO 4 /0.8 M K 2 HPO 4 , 0.2 M Li 2 SO 4 . Crystals were transferred to the reservoir solution containing 18% (v/v) glycerol before flash freezing in liquid nitrogen. MAD data were collected at the Advanced Light Source beamline 8.2.2 and processed with HKL2000 (Otwinowski and Minor, 1997) . Crystals belong to space group I4 1 22 with cell dimensions a = b = 84.92 Å , c = 92.74 Å , and one Spc25G/Spc24G heterodimer per asymmetric unit with a solvent content of 46.4%. Positions of three out of four total selenium sites were located with SOLVE (Terwilliger and Berendzen, 1999) . Density modification and initial model building was performed with RESOLVE (Terwilliger, 2000) , with an FOM of 0.77. Iterative manual model building was carried out with O (Jones et al., 1991) and Coot (Emsley and Cowtan, 2004) , coupled with refinement by using Refmac5 (Murshudov et al., 1997) . Data collection and refinement statistics are listed in Table 2 . Coordinates have been deposited in the PDB with access code 2FTX. View as in Figure 5B . Red and blue surfaces correspond to negative and positive electrostatic potential scaled from 210 k b T to 10 k b T, respectively. The green arrows point to the conserved groove, and the yellow arrow points to the conserved hydrophobic patch as in Figure 5B .
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